Astrocytes are involved in the neuroinflammation of neurodegenerative diseases, such as Parkinson's disease (PD). Among the numerous inflammatory cytokines, interleukin-1β (IL-1β) produced by astrocytic Nod-like receptor protein (NLRP) inflammasome is crucial in the pathogenesis of PD. β-arrestin2-mediated dopamine D2 receptor (Drd2) signal transduction has been regarded as a potential anti-inflammatory target. Our previous study revealed that astrocytic Drd2 suppresses neuroinflammation in the central nervous system. However, the role of Drd2 in astrocytic NLRP3 inflammasome activation and subsequent IL-1β production remains unclear. In the present study, we used 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced PD mouse model to investigate whether Drd2 could suppress astrocytic NLRP3 inflammasome activation. We showed that Drd2 agonist inhibited NLRP3 inflammasome activation, evidenced by decreased caspase-1 expression and reduced IL-1β release in the midbrain of wild type mice. The anti-inflammasome effect of Drd2 was abolished in β-arrestin2 knockout and β-arrestin2 small interfering RNA-injected mice, suggesting a critical role of β-arrestin2 in Drd2-regulated NLRP3 inflammasome activation. We also found that Drd2 agonists suppressed the upregulation of caspase-1 and IL-1β expression in primary cultured mouse astrocytes in response to the activation of NLRP3 inflammasome induced by lipopolysaccharide plus adenosine triphosphate. Furthermore, we demonstrated that β-arrestin2 mediated the inhibitory effect of Drd2 on NLRP3 inflammasome activation via interacting with NLRP3 and interfering the inflammasome assembly. Collectively, our study illustrates that astrocytic Drd2 inhibits NLRP3 inflammasome activation through a β-arrestin2-dependent mechanism, and provides a new strategy for treatment of PD.
Introduction
Astrocytes are the dominant cells in quantity in the central nervous systems (CNS). They are derived from the neuroectoderm and are of great significance in CNS homeostasis and pathology [1, 2] . Upon the inflammatory stimulations, astrocytes are activated to induce the upregulation of glial fibrillary acidic protein (GFAP) expression [3] , secretion of inflammatory mediators [4] , and altered expression of astrocytic G protein-coupled receptors (GPCRs) [5] . Increasing evidence suggests that activated astrocytes play a vital role in neuroinflammation in the ageing brain and most neurodegenerative diseases (NDDs). As one of the most common NDDs, Parkinson's disease (PD) is pathologically characterized by the progressive loss of dopaminergic neurons in the substantia nigra [6] and the intracytoplasmic Lewy body inclusions [7] . Although the exact pathogenic mechanisms of PD remain unclear [8] , reactive astrogliosis and astrocyte-mediated Edited by A. Verkhratsky * Ming Lu lum@njmu.edu.cn * Gang Hu ghu@njmu.edu.cn neuroinflammation have been recognized to play critical role in the pathogenesis of PD [9, 10] . Neuroinflammation is a common feature of the ageing brain and most NDDs [11, 12] . It is mediated predominantly by activated glial cells and is accompanied by the production of inflammatory cytokines. Specifically, astrocytes can amplify microglia-derived inflammatory response and lead to feedback loop of neuroinflammation [13] . Among the numerous inflammatory cytokines, interleukin-1β (IL-1β) produced by astrocytic Nod-like receptor protein (NLRP) inflammasome exerts a central role in regulating neuroinflammation [14] . Upon stimulation by adenosine triphosphate (ATP), reactive oxygen species, lysosomal contents or other factors, NLRP3 recruits the adapter molecule apoptosis-related speck-like protein (ASC) and pro-caspase-1 to promote caspase-1 activation. This process leads to the maturation of the pro-inflammatory cytokines (IL-1β, IL-18). Secretion of IL-1β by glial cells contributes towards the destruction of dopaminergic neurons in the brain of PD patients [15] and the initiation of cell pyroptotic death [16, 17] . Hence, suppression of NLRP3 inflammasomederived IL-1β production may be beneficial to PD patients. Dopamine D2 receptor (Drd2) has been regarded as a potential anti-inflammatory target in the therapy of NDDs [18] [19] [20] . Drd2 couples to Gα i protein and expresses both in neurons and astrocytes [21] . Our previous study revealed that astrocytic Drd2 controls the expression of antiinflammatory protein αB-crystallin and helps maintaining the immune homeostasis in the CNS [22] . However, the role of Drd2 in astrocytic NLRP3 inflammasome activation and subsequent IL-1β production has not been defined yet. There are typically two types of signal transduction pathways that Drd2 participates to trigger cellular responses: the classic G protein-dependent pathway and the β-arrestinsdependent pathway [23] . β-arrestins are recruited to GPCRs and triggers receptor desensitization and internalization [24] . Besides, β-arrestins also trigger diverse signaling pathways regulating cell proliferation and apoptosis, leading to multitudinous physiological responses [25] . Over the last decade, the anti-inflammatory roles of β-arrestins in the treatment of NDDs have become increasingly appreciated [24, 26] . A recent study showed that β-arrestin2 acts downstream of GPR120 and GPR40 to inhibit inflammasome activation in bone-marrow-derived macrophages [27] . However, the inhibitory role of β-arrestins on inflammasome in astrocytes has not been well studied. We hypothesize that β-arrestin2 may negatively regulate astrocytic NLRP3 inflammasome activation in the pathogenesis of PD.
In the present study, we used 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD mouse model to investigate whether Drd2 can suppress astrocytic NLRP3 inflammasome activation. We showed that Drd2 agonist inhibited NLRP3 inflammasome activation in vivo and in vitro, and the anti-inflammasome effect of Drd2 was abolished in β-arrestin2 deficiency mice, suggesting the critical role of β-arrestin2 in Drd2-regulated NLRP3 inflammasome activation. Furthermore, we found that β-arrestin2 interacted with NLRP3 and interfered inflammasome assembly. These findings illustrate that astrocytic Drd2 suppresses NLRP3 inflammasome activation through a β-arrestin2-dependent mechanism, and provide a new strategy for targeting the astrocyte-mediated inflammatory response in the treatment of NDDs.
Results

Drd2 activation inhibits NLRP3 inflammasome in cultured astrocytes
Over the last decade, Drd2 has been reported as an important anti-inflammatory target for the management of NDDs. In the present study, we first studied the effect of Drd2 agonists on NLRP3 inflammasome activation in lipopolysaccharide (LPS) plus ATP-primed mouse primary astrocytes. As shown in Fig. 1a , treatment of Drd2 agonist LY171555 (10, 20, 40 μM) blocked caspase-1 activation and IL-1β maturation in a concentration-dependent manner. Similarly, Quinelorane and Bromocriptine, another two Drd2 agonists, inhibited caspase-1 and IL-1β production after astrocytes were stimulated with ATP and LPS (Fig. 1b-c) .
In order to confirm the effect of Drd2 in anti-inflammasome, small interfering RNA (siRNA) targeting Drd2 was transfected in astrocytes ( Figure S1a) . After 72 h, we observed that the silencing of Drd2 prevented the downregulation of caspase-1 and IL-1β levels by LY171555 treatment (Fig. 1f) . This result indicates that Drd2 is responsible for LY171555-induced NLRP3 inflammasome inhibition.
Drd2 agonist inhibits multiple stimulators-induced NLRP3 inflammasome activation in cultured astrocytes
To confirm the inhibitory effect of Drd2 agonist on NLRP3 inflammasome in astrocytes, we used two other stimulators of NLRP3 inflammasome, nigericin, and monosodium urate (MSU), to induce NLRP3 inflammasome activation. Consistently, LY171555 also significantly inhibited nigericin-and MSU-induced caspase-1 cleavage and IL-1β production in astrocytes (Fig. 2a) . Since the oligomerization of ASC is required for NLRP3 inflammasome activation to induce procaspase-1 recruitment, we further examined the effect of Drd2 agonist on the oligomerization of ASC after LPS and ATP stimulation. As shown in Fig. 2d , treatment of Drd2 agonist LY171555 (40 μM) inhibited the accumulation of ASC specks. This result confirms the inhibitory effect of Drd2 agonist on NLRP3 inflammasome activation in astrocytes.
Anti-inflammasome effect of Drd2 is independent of classical G protein pathways Activation of Drd2 stimulates classical G protein pathways alongside β-arrestins-dependent signaling, leading to diverse downstream events [28, 29] . Thus, we explored the possible involvement of both signaling pathways in the observed anti-inflammasome effect. First, we assessed the role of the classical G protein pathway. As shown in Fig. 3a , we observed that treatment of forskolin, an adenylate cyclase agonist that increases level of cyclic AMP (cAMP) (Figure S2) , inhibited the expression of caspase-1 and IL-1β in a dose-dependent manner after astrocytes were incubated with LPS and ATP. Similarly, dibutyryl cyclic AMP (dbcAMP), a cyclic nucleotide derivative that mimics the action of endogenous cAMP, and pertussis toxin (PTX), a Gα i protein inhibitor, also inhibited NLRP3 activation (Fig. 3d ). As coupling to Gα i protein, active Drd2 suppressed astrocyte cAMP levels both in normal and forskolin stimulated conditions (Fig. 3g) . In theory, as (1) Drd2 suppresses cAMP levels and (2) cAMP inhibits NLRP3 inflammasome, it can be deduced that Drd2 agonists may accelerate NLRP3 inflammasome activation induced by LPS and ATP, which contradicts the observation showed in Figs. 1 and 2 . Thus, we speculated that instead of the classical G protein pathway, it is more likely that the β-arrestins-dependent signaling pathway mediated the Drd2-inhibiting NLRP3 inflammasome activation.
Anti-inflammasome effect of Drd2 is dependent on β-arrestin2-mediated signaling β-arrestin2 and β-arrestin1 share 78% amino-acid sequence, with most differences in the C-terminus [24] . Studies over Fig. 1 The effect of Drd2 agonists on NLRP3 inflammasome activation in cultured astrocytes. a-c LPS (100 ng/ml) primed-primary astrocytes were treated with different concentrations of LY171555 (10, 20, 40 μM) a, Quinelorane (10, 50, 100 μM) b, Bromocriptine (10, 50, 100 μM) c, and then stimulated with ATP (5 mM). IL-1β and caspase-1 from medium supernatants (SN) and pro-IL-1β and pro-caspase-1 from cell extracts (Input) were analyzed by immunoblotting. d-e Densitometric analysis of IL-1β and caspase-1. f Primary astrocytes were transfected with siRNA targeting the mRNA encoding Drd2 or empty vector. LPS (100 ng/ml) primed-primary astrocytes were treated with LY171555 and then stimulated with ATP (5 mM). IL-1β and caspase-1 from medium supernatants (SN) and pro-IL-1β and pro-caspase-1 from cell extracts (Input) were analyzed by immunoblotting. g-h Densitometric analysis of IL-1β and caspase-1. ** p < 0.01 vs Con group. the past decades have shown that their functions in GPCR signaling differ in diverse conditions [30, 31] . Here, we explored the roles of β-arrestin2 and β-arrestin1 in antiinflammasome, respectively. As shown in Figure S3 , we observed that neither LY171555 nor LPS and ATP treatment could change the expressions of β-arrestin2 and β-arrestin1 in primary cultured astrocytes.
We further delineated the effects of β-arrestin2 and β-arrestin1 on NLRP3 inflammasome activation by interfering them separately. We observed that knockdown of β-arrestin2 ( Figure S1c ) abrogated the downregulation of caspase-1 and IL-1β levels by LY171555 treatment (Fig. 4) , whereas interference of β-arrestin1 ( Figure S1e ) directly inhibited NLRP3 inflammasome activation ( Figure S4 ). To further explore the mechanisms of Drd2 in anti-inflammasome, we selected β-arrestin2 as our research object in the subsequent experiments as β-arrestin1 might act on upstream pathways irrelevant to Drd2.
Drd2 activation induces the interaction of β-arrestin2 and NLRP3
As β-arrestin2 is a significant scaffolding protein involved in signaling pathways both GPCR dependent and independent, it can interact with various intracellular molecules such as c-Jun N-terminal kinases in mitogen-activated protein kinase family and inhibitory κBα (IκBα) in NF-κB pathway etc [24] . Thus, we tested the interaction between β-arrestin2 and NLRP3. As showed in Fig. 5a , b, after the plasmids cotransfection, NLRP3 interacted with β-arrestin2 and exhibited colocalization within HEK293T cells. Similarly, LY171555 promoted the interaction of NLRP3 and β-arrestin2, as well as suppressed the bonding between NLRP3 and ASC in mouse primary astrocytes ( Fig. 5c-e) . Furthermore, we observed that LY171555 induced Drd2 internalization and subsequent binding with NLRP3, whereas the interaction was inhibited by the interference of β-arrestin2 (Fig. 5f ). Immunofluorescence results also showed that LY171555 promoted the intracellular interaction between β-arrestin2 (Green) and NLRP3 (Red) (Fig. 5g) . Taken together, these results indicate that β-arrestin2 interacting with NLRP3 is required for the inhibitory effect of Drd2 on NLRP3 inflammasome activation in astrocytes.
β-arrestin2 deficiency abolishes the antiinflammatory and neuroprotective effects of Drd2 in MPTP-induced PD mouse model
To determine the role of β-arrestin2 in anti-inflammasome effect of Drd2 in vivo, wild type (WT) and β-arrestin2 (Fig. 6f) . We then used nissl staining on adjacent sections to ensure that the loss of TH + cell reflected cellular death instead of downregulation of TH expression (Fig. 6h) . β-arrestin2 deficiency also aggravated astrocytes activation after MPTP challenge (Fig. 6j) . These results indicated that β-arrestin2 plays a critical role in lowering MPTP-induced neuroinflammation via inhibition of NLRP3 inflammasome activation. Fig. 3 The effect of cAMP on NLRP3 inflammasome activation. a LPS (100 ng/ml) primed-primary astrocytes were treated with different concentrations of Forskolin (10, 50, 100 μM) and then stimulated with ATP (5 mM). IL-1β and caspase-1 from medium supernatants (SN) and pro-IL-1β and pro-caspase-1 from cell extracts (Input) were analyzed by immunoblotting. b, c Densitometric analysis of IL-1β and caspase-1. d LPS (100 ng/ml) primed-primary astrocytes were treated with different doses of dbcAMP (10, 50, 100 μM) and then stimulated with ATP (5 mM). IL-1β and caspase-1 from medium supernatants (SN) and pro-IL-1β and pro-caspase-1 from cell extracts (Input) were analyzed by immunoblotting. e, f Densitometric analysis of IL-1β and caspase-1. g LPS (100 ng/ml) primed-primary astrocytes were treated with PTX (100 ng/ml) and then stimulated with ATP (5 mM). IL-1β and caspase-1 from medium supernatants (SN) and pro-IL-1β and procaspase-1 from cell extracts (Input) were analyzed by immunoblotting. h-i Densitometric analysis of IL-1β and caspase-1. ** p < 0.01 vs Con group. # p < 0.05, ## p < 0.01 vs LPS + ATP group. j Primary astrocytes were pretreated with LY171555 (40 μM) for 1 h and stimulated with 100 µM forskolin. Culture medium was analyzed for intracellular cAMP levels. Interestingly, it is noted that β-arrestin2 −/− mice were more susceptible to MPTP challenge than those receive β-arrestin2 interference only in the brain, suggesting that β-arrestin2 in peripheral system might also exerts antiinflammatory effect to alleviate systemic damage and DA degeneration in MPTP-induced PD mouse model. In addition, Drd2 knockout (Drd2 −/− ) mice showed increased neuroinflammation in normal conditions and aggravated SNc TH + neurons loss, astrocytes activation, NLRP3 inflammasome activation in response to MPTP injections compared with those in WT mice ( Figure S6 ).
Together, our findings demonstrate that astrocytic Drd2 signaling is dependent on β-arrestin2, which may be a potential target for anti-inflammatory treatment of PD. Furthermore, to investigate whether LY171555 injection or β-arrestin2 expression has effect on MPTP metabolism in vivo, MPP + levels in blood, striatum, liver, and kidney were detected 90 min after MPTP injection (Fig. S7) . We find that striatal MPP + levels were not significantly different regardless of LY171555 treatment and β-arrestin2 −/− .
Discussion
Drd2 agonist was first reported to suppress nitric oxide and tumor necrosis factor-α in peripheral neutrophils two decades ago [32] . Since then, more studies have showed that Drd2 is a potential candidate for amelioration of inflammatory diseases [33] [34] [35] [36] and NDDs [22, [37] [38] [39] . Nevertheless, to date there are no reports on whether Drd2 participates in the suppression of inflammasome activation. In the present study, we found that LY171555, a selective Drd2 agonist, inhibited NLRP3 inflammasome activation in the SNc of MPTP-treated PD mice. Notably, the anti-inflammasome effect of Drd2 was abolished in β-arrestin2 deficient mice, suggesting the critical role of β-arrestin2 in Drd2-regulated NLRP3 inflammasome activation. LY171555 also blocked caspase-1 cleavage and IL-1β maturation in primary astrocytes stimulated by LPS and ATP. Moreover, we found that Drd2 enhanced the interaction of β-arrestin2 and NLRP3 to suppress the inflammasome assembling process. We demonstrate for the first time that astrocytic Drd2 exerts its anti-inflammasome effect through a β-arrestin2-dependent pathway as shown in Fig. 7 and this may prove a new target for the treatment of PD.
In the CNS, astrocytes play a fundamental role in forming borders between neural parenchyma and nonneural cells to restrict access of leukocyte into brain parenchyma. They also play other important roles, such as providing energy sources for neurons, modulating synaptic activity and regulating extracellular glutamate levels etc. Multiple studies have shown that the pathogenesis and progression of PD are related to inflammation, which is accompanied by glia cell reaction [40] [41] [42] . We previously reported activation of NLRP3 inflammasome and upregulation of caspase-1 and IL-1β in the SNc of MPTP-injected mice, and that astrocytic Drd2 is an important component modulating inflammatory response and maintaining balance of innate immunity in CNS [22] . In the present study, we found that Drd2 −/− mice showed increased astrocytes activation and neuroinflammation in normal conditions. After MPTP injection, Drd2 −/− mice showed aggravated SNc TH + neurons loss, astrocytes activation, and NLRP3 inflammasome activation. These results suggest that Drd2 serves protective effects on PD therapy. Previous studies also showed that Drd1 prevents inflammation via suppression of NLRP3 inflammasome in BMDMs [43] . With regards to whether Drd1 or Drd2 mediates the inhibition of NLRP3 inflammasome, we speculate that Drd1 and Drd2 may both have the same role in peripheral and central systems respectively. We found that Drd2 agonists inhibited NLRP3 inflammasome activation in mice primary astrocytes, and such inhibition was reversed by the interference of Drd2. Moreover, consecutive injection of LY171555 inhibited NLRP3 inflammasome activation in WT mice of PD model.
Our results suggest that Drd2 may be a crucial antiinflammasome element with protective effects on PD.
As GPCRs, Drd2 couples with heterotrimeric G proteins, generates second messengers once activated by agonists. Subsequently, GRKs phosphorylate the activated receptors, resulting in the recruitment of scaffolding proteins named β-arrestins (β-arrestin1 and β-arrestin2), which trigger downstream signaling or induce desensitization and internalization of receptors [28] . To clarify whether classical G protein pathways Fig. 5 The effect of Drd2 activation on the interaction of β-arrestin2 and NLRP3. a Flag-tagged NLRP3 construct and β-arrestin2 pcDNA3.1 construct were co-transfected in HEK293T cells. Immunofluorescent histochemical staining for β-arrestin2, DAPI, and NLRP3 in HEK293T cells. Scale bar, 20 μm. b Flag-tagged NLRP3 construct and β-arrestin2 pcDNA3.1 construct were co-transfected in HEK293T cells. Cell lysates were immunoprecipitated with anti-Flag antibody and then the samples were analyzed by immunoblotting. c Cell lysates of primary astrocytes treated with LPS (100 ng/ml) + ATP (5 mM) and LY171555 or not were immunoprecipitated with anti-β-arrestin2 antibody, and then the samples were analyzed by immunoblotting. d Cell lysates of primary astrocytes treated with LPS (100 ng/ ml) + ATP (5 mM) and LY171555 or not were immunoprecipitated with anti-NLRP3 antibody, and then the samples were analyzed by immunoblotting. e Flag-tagged NLRP3 construct was transfected in primary astrocytes. Cell lysates of primary astrocytes treated with LPS (100 ng/ml) + ATP (5 mM) and LY171555 or not were immunoprecipitated with anti-flag antibody, and then the samples were analyzed by immunoblotting. f Primary astrocytes were transfected with siRNA targeting the mRNA encoding β-arrestin2 or empty vector. Cytoplasm of primary astrocytes was isolated. Cell cytoplasm lysates of primary astrocytes treated with LPS (100 ng/ml) + ATP (5 mM) and LY171555 or not were immunoprecipitated with anti-Drd2 antibody, and then the samples were analyzed by immunoblotting. g Immunofluorescent histochemical staining for β-arrestin2, DAPI, and NLRP3 on the primary astrocytes treated with LY171555 compared with control. Scale bar represents 20 μm. Data are representative of at least three independent experiments Dopamine D2 receptor restricts astrocytic NLRP3 inflammasome activation via enhancing the interaction. . .
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or β-arrestins-dependent pathways are involved in the Drd2 induced anti-inflammasome effect, the present study showed that forskolin, dbcAMP and PTX inhibited NLRP3 inflammasome, and Drd2 suppressed cAMP levels. If G i protein pathway was involved, Drd2 agonists should enhance NLRP3 inflammasome activation. However, LY171555 was shown to decrease caspase-1 and IL-1β levels. This provides evidence to suggest that the inhibitory effect of Drd2 agonists on NLRP3 inflammasome may be dependent on the β-arrestins-dependent signaling instead of the classical G protein pathways.
In the past few years, numerous studies have demonstrated that β-arrestins play significant roles in inflammatory diseases. In particular, β-arrestin2 has been reported to have a protective role in many inflammatory diseases such as meningitis [44] , asthma [45] , endotoxemia [46] , pulmonary fibrosis [47] etc. In contrast, β-arrestin1 is mainly reported having the opposite function in inflammatory diseases such as MS [48] , myocardial infarction [49] , colitis [50] , cutaneous flushing [51] etc, perhaps because of its recently reported critical role in the formation of ASC pyroptosome and activation of the NLRP3 inflammasomes [52] .
In the present study, we observed that interference of β-arrestin2 abrogated the downregulation of caspase-1 and IL-1β levels by LY171555 treatment, whereas deficiency of β-arrestin1 inhibited NLRP3 inflammasome activation in primary astrocytes after LPS and ATP stimulation. Similarly, in vivo studies show that β-arrestin2 interference [27] . In addition, we found that LY171555-induced Drd2 binding with NLRP3 and such interaction was inhibited when β-arrestin2 was interfered by siRNA. Herein, we first showed that β-arrestin2 mediates Drd2 to inhibit inflammasome activation via binding with NLRP3 in astrocytes, playing anti-inflammatory effects in PD model. A recent study [53] also shows that β-arrestins remain active after dissociation from receptors, allowing them to maintain at the cell surface and presumably triggering signaling independently. It will be interesting to explore if this brand new mechanism of β-arrestin2 is responsible for mediating the Drd2 anti-inflammasome effect.
In summary, our study reveals a novel anti-inflammatory function of Drd2 where the receptor is internalized and binds with NLRP3 to prevent inflammasome activation via a β-arrestin2-dependent pathway. However, there are some limitations of this study. First, NLRP3 inflammasome is only one of many inflammasomes and it is probable that the other inflammasomes are involved in the PD pathology. The effect of Drd2 on other kinds of inflammasomes remains to be studied. Second, although siRNA targeting on β-arrestin2 can interfere the its expression in SNc, it is imprecise that astrocytes instead of other kinds of cells, e.g., oligodendrocytes and neurons, are most essential to anti-inflammasome and neuroprotection through β-arrestin2-dependent pathways. To solve this issue, astrocytic β-arrestin2 conditional knockout mice will provide more conclusive evidence. Collectively, these results demonstrate a novel mechanism of Drd2 agonist inhibiting NLRP3 inflammasome in a β-arrestin2-dependent pathway, which extends our understanding on β-arrestin2-biased Drd2 signaling and sheds light on potential new therapeutic avenues for PD. Reagents LY171555, Quinelorane, and Bromocriptine were purchased from TOCRIS. LPS, ATP, MSU, nigericin, forskolin, dbcAMP, and PTX were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-caspase-1 Ab (#06-503-1, 1:500) and anti-Drd2 Ab (#AB5084P, 1:500) were purchased from Millipore (Billerica, MA, USA). Anti-NLRP3 Ab (#AG-20B-0014-C100, 1:1000) was purchased from AdipoGen (San Diego, CA, USA). Anti-β-arrestin2 Ab (#3857, 1:800) and anti-β-arrestin1 Ab (#12697 S, 1:1000) were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-IL-1β Ab (#13767, 1:500) and anti-flag Ab (#F1804, 1:1000) were purchased from Sigma. Anti-ASC Ab (#sc-22514-R, 1:200) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-β-actin Ab (#BM0627, 1:4000) was purchased from Boster (Pleasanton, CA, USA).
Materials and methods
Animals
Primary astrocyte cultures and treatments
Primary astrocyte cultures were conducted as described previously [54] . The midbrain and striatum of neonatal mice aged 1-3 d were removed and separated from meninges and basal ganglia. Tissue were dissociated with 0.25% trypase (Amresco, Solon, OH, USA) at 37°C and terminated by Dulbecco's modified Eagle's medium (Gibco-BRL, Thermo Fisher Scientific, Rockford, IL, USA) supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific) and 1% penicillin/streptomycin. Cells were plated on 25 cm 2 T-flask flasks (Sigma). The culture medium was changed with fresh substratum 24 h later and then changed every 3 d. When 90% confluent, cells were split onto sixwell culture plates at 1.5 × 10 5 per ml. In the experiments, LPS (100 ng/ml, 6 h) primed-primary astrocytes were treated with different doses of LY171555 (10, 20, 40 μM), Quinelorane (10, 50, 100 μM) or Bromocriptine (10, 50, 100 μM) for 1 h and then stimulated with ATP (5 mM, 30 min), MSU (250 μg/ml, 6 h), or nigericin (20 nM, 30 min).
Cell transfection
siRNA targeting Drd2, β-arrestin2, β-arrestin1 or negative control (NC) siRNA (Jima, Shanghai, China) was transfected in mouse primary astrocytes using Lipofectamine 3000 reagent (Invitrogen, Life Technologies) in OPTI-MEM reduced serum medium (Gibco) according to the manufacturer's instructions. siRNA duplexes used were as follows:
Drd2 ( Plasmids of pcDNA3.1-GFP-β-arrestin2, and NLRP3-Flag were co-transfected to HEK293T cells or astrocytes using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA) according to the instructions provided. Cells were collected for western blotting or Coimmunoprecipitation (Co-IP) analysis 48 h after transfection.
Western blotting analysis
Cells or mouse brain tissues were lysed in the buffer (BioRad) or with Mem-PER™ Eukaryotic Membrane Protein Extraction Reagent Kit (Thermo Fisher Scientific) according to the manufacturer's instructions. Protein concentrations were determined with the Micro BCA Kit (Beyotime, Shanghai, China). Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis using polyacrylamide TGX gels (Bio-Rad, Hercules, California, USA) and then transferred to polyvinylidene difluoride (PVDF) membranes. After blocking, PVDF membranes were incubated with various specific primary antibodies as described above in Tris Buffered Saline with Tween 20 at 4°C overnight. Membranes were washed and incubated in corresponding horseradish peroxidase-conjugated secondary antibodies (1:1000, KPL) for 1 h at room temperature. Proteins were visualized and detected by enhanced chemiluminescence western blot detection reagents (Pierce, Thermo Fisher Scientific) and analyzed with ImageQuant™ LAS 4000 imaging system (GE Healthcare, Pittsburgh, PA, USA).
Co-IP
Mouse primary astrocytes were lysed in the buffer (BioRad). Proteins were immunoprecipitated with specific primary antibodies (1 μg antibody per 100 μg of total protein) followed by incubated with MagnaBind TM Protein G magnetic Beads (Thermo Fisher Scientific). Proteins were eluted from the beads prepared for western blotting.
cAMP Immunoassay cAMP content in astrocytes was detected using a cAMP Direct Immunoassay Kit (BioVision, Milpitas, CA, USA) according to the manufacturer's protocol. Absorbance of samples was detected by the Multiskan Spectrum (Thermo Fisher Scientific) at 450 nm.
Immunocytochemical staining
After co-transfection of pcDNA3.1-GFP-β-arrestin2 and NLRP3-Flag plasmids, astrocytes were rinsed with 0.1 M phosphate-buffered salin (PBS) and fixed with 4% paraformaldehyde, followed by block with PBS containing 5% bovine serum albumin (BSA), then incubated with the primary antibody (anti-NLRP3 Ab, 1:500, #AG-20B-0014-C100, AdipoGen) at 4°C overnight. After washing, cells were exposed to secondary antibody (Alexa Fluor 555 goat anti-mouse IgG, 1:1000, #A21422, Invitrogen) for 1 h at room temperature. After washing and treatment with 4',6-diamidino-2-phenylindole (Life), cells were observed under stereomicroscope (Olympus, Tokyo, Japan).
In vivo experimental treatments
Mouse β-arrestin2 siRNA was transfected with packaging vectors (hU6-MCS-Ubiquitin-EGFP-IRES-puromycin) to generate lentivirus. For microinjection, intraperitoneal pentobarbital sodium (60 mg/kg, Sigma)-anesthetized mice are placed in a stereotaxic apparatus. They were injected with the lentivirus 2.5 μl by glass electrode aiming at SNc (AP: −3.0 mm; ML: ± 1. 
Immunohistochemical analysis
Brain slices were rinsed carefully in PBS followed by 3% H 2 O 2 for 30 min to quench the endogenous peroxidase activity then incubated with 0.3 % Triton X-100 in PBS supplemented 5% BSA for 1 h. After that, the sections were incubated with specific primary antibodies (rabbit anti-GFAP Ab, 1:500, #MAB360, Millipore; mouse anti-TH Ab, 1:500, #ab6211, Abcam, Cambridge, MA, USA) in PBS containing 5% BSA at 4°C overnight. After extensive washing, brain slices were incubated with secondary antibodies for 1 h at room temperature. Finally the slides were incubated with Diaminobenzidin for 5 min. For Nissl staining, the slides were soaked in CV solution (0.1 g cresyl violet, 99 ml H 2 O and 1% acetic acid 1 ml) for 30 min at room temperature then dehydrated with alcohol and xylene. The brain slices were observed under stereomicroscope (Olympus).
Cell counting
The method of cell counting was described in the previous publication of our laboratory [55] . In brief, for cell quantification in in vivo studies, the numbers of TH + , Nissl + , and GFAP + -immunoreactive cells in the SNc of the midbrain were assessed using the optical fractionator (Stereo Investigator software, Microbrightfield Bioscience, Williston, VT, USA). All stereological analyzes were performed under the × 200 magnification of an Olympus BX52 microscope (Olympus America Inc., Melville, NY, USA). The counting frame size was 50 μm × 50 μm and the sampling grid size was 100 μm × 100 μm. Within one counting frame, positive cells counted must show both immunostaining in the cell body and unstained cavity in the nuclei, and the nuclei does not touch or cross the red avoidance lines of the counting frame. Slices used for immunostaining were strictly collected at three intervals. For immunoreactive cells counting, each sample contains 12 serial sections. For brain area selection, we referred to the previous article [56] . The entire pars compacta was measured by using the medial terminal nucleus of the accessory optic tract as its medial border. The sections rostral and caudal to this anatomical landmark selected for quantitative analysis were representative for the entire pars compacta. The absolute numbers of positive cells in each group are automatic analyzed by the Stereo Investigator software.
High-performance liquid chromatography (HPLC)
For quantification of MPP + , WT, and β-arrestin2 −/− mice were killed 90 min after a single dose of MPTP with or without a previous LY171555 injection. Blood plasma was mixed in 2 M perchloric acid (10 μl Blood plasma in 100 μl perchloric acid). Striatum, liver, and kidney samples were lysed in 0.1 M perchloric acid (1 mg samples in 100 μl perchloric acid). Samples were centrifuged and supernatant liquids were tested in Water HPLC-UV system with SHI-MADZU reversed-phase column (5 μm, 250 × 4.6 mm). The mobile phase: 50 mmol/l KH 2 PO 4 (pH 3.2): acetonitrile = 85:15. The flow rate is 1 ml/min. Samples were monitored by fluorescence detector at 245 nm wavelength. Peaks were quantified.
Statistical analysis
Data were presented as mean ± SEM. The significance of difference was determined by Student's t test, One-factor analysis of variance or two-factor analysis of variance followed by Tukey's post hoc test. Difference was considered significant at p < 0.05.
